Abstract-The photoacoustic effect produced by laser-induced stress waves in liquids has found a variety of scientific and practical applications in industry, medicine and environmental protection. The photoacoustic effect has the natural advantage of being less sensitive to scattering than traditional optical tools, thus offering increased accuracy and sensitivity. This paper aims to give a systematic outline of photoacoustic techniques, starting to the production and extending to the propagation and detection of photoacoustic waves. The focal point is the production of acoustic waves with maximum amplitude and minimum distortion. Maximum amplitude plays an essential role in photoacoustic spectroscopy and minimum distortion is the key to the determination of optical distribution and imaging in turbid media.
I. INTRODUCTION
A main mechanism of photoacoustic techniques in most noninvasive and novel measurements is known as the thermal elastic process. In this process, an absorbing medium is irradiated by a fast laser pulse (shorter than one microsecond) with an energy level below a certain threshold level causing vaporization or material ablation. The light energy absorbed by the medium is converted into heat, thus raising the temperature of the irradiated region. This temperature gradient produces a stress that leads to expansion and compression in the medium, which, in turn, generates a thermoelastic acoustic wave. Because of its immunity of the scattering, photoacoustic techniques have an advantage over traditional optical tools in the study of opaque and turbid media such as human tissue, blood, pulp, paper, waste water, gels and powder.
Laser-induced photoacoustic spectroscopy can be used as a tool to analyse material composition. The technique is used, for example, in determining oil contamination 1 , pH and CO 2 2 , physiological glucose concentrations 3 , and in determining inorganic or organic components in aqueous or organic solvents 4 . The central question in this method involves increasing the maximum amplitude of the acoustic pressure in order to increase the detectable minimum concentration of a composition.
On the other hand, the time-resolved stress detection method is very useful in determining light distribution, measuring optical parameters, analyzing layered structures, and developing images in turbid media and in various kinds of tissues 5-7 . This method hinges on preventing the distortion of the photoacoustic waveshape when monitored through an oscilloscope, allowing the interpretation of different waveshapes.
This paper seeks to describe methods of achieving the maximum pressure amplitude with the minimum wave distortion. Thus, the paper will serve as an effective guide to the application of photoacoustics and photoacoustic spectroscopy. Section 2 presents pulse formation for plane, cylindrical and spherical photoacoustic sources in homogeneous liquids. Section 3 deals with distortions in the propagation of photoacoustic waves in liquids, caused by attenuation, diffraction and non-linear effects. Next, section 4 describes receiver-induced modifications of signals and, finally, section 5 is our conclusion.
II. PULSE FORMATION
When the heat conduction time exceeds the time it takes for sound to traverse the acoustic source, and the viscous effect can be ignored, the formation of a photoacoustic wave can be described by the following pressure wave equation:
where p is the acoustic pressure,is the volume expansion coefficient, and C p is the specific heat at constant pressure, v is the velocity of acoustic waves in the medium, H is a function defined as the heat deposited in the medium per unit volume and time, and t is time. The fact that H has a close relationship to light parameters and medium properties renders it impossible to give a general analytic solution to the shape of the laser pulse and the absorbing volume. However, in some special cases, the acoustic wave can be described fairly accurately.
A. Plane Acoustic Source
Consider a pulsed laser irradiating a homogeneous absorbing liquid (density  and sound speed v) from an optical transparent medium (density  t and sound speed v t ). If the absorption coefficient of the irradiated liquid is large enough such that the optical penetration depth is 2 significantly smaller than the diameter of the pulsed light beam, the shape of the photoacoustic source resembles a plane, and a plane acoustic wave is produced. Park
8
deduced the solution to Eq.1, using a delta function heating pulse:
where  =E 0 v 2 /C P , E 0 is the energy fluence irradiated on the absorbing volume,  is the optical absorption coefficient, If the intensity distribution of a long heating pulse is a Gaussian function, I(t)=(E 0 / p )exp(-t 2 / p 2 ), where  p is the time parameter of the pulse. The acoustic pressure is determined by convoluting the delta pressure function response with the long laser pulse profile:
For purposes of comparison, we present some early published results [8] - [11] in Table I , where P A is the positive pressure amplitude, t is the time separation between the peak-to-peak pressure values,  L is the pulse width and  R is the rise time of the radiation pulse. 
The long light pulse means that the propagation distance of the acoustic wave during a light pulse is larger than the heating source or the initial sound source, the situation is reversed in the case of short light pulse.
The slightly different coefficients in the case of long light pulse are caused by the different pulse profiles used by the different authors. The pressure amplitude is not related to the light absorption coefficient in the case of long light pulse and rigid surface.
It is clear that the positive pressure amplitude produced by the delta heating function is unrelated to the boundary condition. However, both free and rigid boundaries behave differently when excited by a longer laser pulse. A free boundary allows the liquid absorbing the heat to expand effectively in two directions, while a rigid boundary only allows expansion in one direction. Therefore, the thermoelastic acoustic wave produced in a rigid boundary is larger than the corresponding wave in a free boundary. Furthermore, short light pulses produce a larger pressure amplitude than long light pulses. This is exemplified by the following equations:
then,
for (v L ) -1 1 is the requirement concerning long light pulses and (v R ) -1 <1, because in comparison with  L ,  R is generally not too small. It is clear that the temporal shape of the laser pulse (such as the rise time  R ) influences the pressure amplitude.
In the wavelength spectrum of photoacoustic pulses, the wavelength at the maximum acoustic energy is defined as the main wavelength of the photoacoustic wave. In plane sources, this wavelength can be estimated as
B. Spherical Acoustic Source
If the beam radius of a laser pulse is nearly equal to the optical penetration depth in an absorbing liquid, the photoacoustic source resembles a hemisphere, and emits a spherical sound wave. From Ref. [12] - [15] , we made some simple translations and produced Table II describing the results for a spherical source, where E a is the total absorbed energy of a sound source with radius R a , r is the distance from the incident light point to the receiver. t is the time separation between the peak-to-peak values of bipolar acoustic waves. M.W. Sigrist has pointed out that the radius R a of the heating source is determined by the laser spot radius and the absorption coefficient of the liquid. Thus, R a is small in a liquid with a large absorption coefficient, and vice versa. If t is measured, R a can be calculated from 3 R a =vt/2. In Table II , the slightly varying coefficients for t result from the different heating functions used by the different authors. They have an effect on t because the energy contained in the long tail of the laser pulse contributes to the thermoelastic wave. The pressure amplitude of long light pulses has little relation to the radius of the source. It is determined mainly by the temporal shape of the laser pulse. A longer pulse duration produces a lower pressure amplitude when all the other conditions are identical. Conversely, the pressure amplitude of short light pulses is little affected by the temporal shape and duration of the pulses. This amplitude is determined by the dimensions of the sound source, with a smaller source radius producing a higher pressure amplitude under otherwise equal conditions. The main wavelength of the photoacoustic wave produced in a spherical source can be estimated as When the absorption coefficient of an illuminated liquid is small, the optical penetration depth will be much larger than the radius of the light beam. The resulting sound source is cylindrical and produces a cylindrical sound wave. Transforming the results of Ref. [15] and [13] , we get Table III. The slightly varying coefficients for t are due to the different heating functions used by the different authors. The relationships between the pressure amplitude, pulse shape and light beam radius are similar to those of spherical sound sources. The main wavelength of a photoacoustic wave produced in a cylindrical source can be estimated as  a = 2v L if R v L ; and 
III. CHANGES IN ACOUSTIC WAVES DURING PROPAGATION
When a photoacoustic wave (emitted by a sound source) propagates in a uniform and static liquid, Eq.1 changes into a linear form 
This means that the pressure wave will keep its initial shape during propagation. But, as Tables III and II indicate, wave amplitudes are inversely proportional to the propagation distance r. Furthermore, the shape of the wave will be distorted by attenuation, diffraction and non-linear acoustic effects produced by the liquid acting on the acoustic wave.
A. Sound Attenuation 4 The absorption and scattering of acoustic waves will decrease the amplitude and modify the shape of the initial waves. In a uniform and static liquid, this attenuation is mainly caused by absorption. The classical sound absorption of a liquid is a result of its viscosity and its heat conduction ability:
where  is the viscosity coefficient,  the thermal conductivity,  the density,  the ratio of the specific heats and f the frequency of the sound wave. However,  class is valid only for a limited number of liquids such as Hg, Ar and O 2 . For water, the real acoustic absorption coefficient  a is 1 to 3 times larger than  class , regardless of temperature. But for the so-called Kneser liquids (i.e., the majority of organic liquids and a few inorganic liquids),  a is more than three times larger than  class and exhibits a positive temperature coefficient.
For most of liquids,  a is proportional to the square of the frequency in the range of 3 to 100 MHz. The attenuation of an acoustic wave in pure water can be calculated as 2.5*10 -16 f(Hz) 2 , the unit being cm -1 . In the frequency range between 10 kHz and 1 MHz, the attenuation coefficient is about (0.51.5)*10 -3 cm -1 . Therefore, a large absorption rate of high-frequency components will broaden the acoustic pulse during propagation. However, when the laser-induced sound frequency is in the MHz range and the measuring distance is in the cm range, the distortion caused by acoustic absorption can usually be neglected.
B. Effects of Sound Diffraction
As described above, the higher frequency components of a sound wave are attenuated during propagation. The lower frequency components, on the other hand, are attenuated, which we refer to as the diffraction of sound waves during propagation. It has the effect of changing the wavefront and waveform of sound waves.
B.1 Wavefront Distortion
Wavefront distortion takes place mainly in the plane component of an acoustic wave. When the beam radius R of a laser pulse produces a plane sound wave with a wavelength of  a , the acoustic pressure along the beam axis z is described by the following equation 
Thus, the amplitude of the acoustic wave produces a sinusoidal change in a region near the source. In the far region, on the other hand, the amplitude of the wave decreases with z -1 , and the wavefront is converted into a spherical form. The border between the far field and the near field is known as the propagation distance R 2 / a , where R a . As a consequence, a sound wave with a small beam radius and a low frequency is easily diffracted and distorted (corresponding to small z f ). The plane wave diverges into a spherical region which apex is in the centre of the source. The half apex angle  is described by =arcsin(R/z f ).
B.2 Waveform Distortion
Terzic [17] and Sigrist [11] have discussed the waveform distortion of the temporal shape of a plane acoustic wave in water ( -1 v L ) and n-heptane ( -1 v L ). The theoretical calculations for both liquids are in good agreement with actual experimental results. These results can be described as follows: With a rigid boundary, diffraction produces a rarefaction wave with a growing amplitude behind the pure compression pulse; in other words, a monopolar pulse becomes bipolar. The wavefront steepens slightly and decreases in amplitude with increasing propagation distance. With a free boundary, diffraction produces yet another compression pulse with an increasing amplitude that follows the original compression/rarefaction wave; in other words, a bipolar pulse becomes tripolar. The rarefaction part exhibits an increasing amplitude during propagation at the expense of a decreasing wavefront peak. The wavefront also steepens slightly. Owing to the same physical mechanism, diffraction produces similar effects in cylindrical and spherical waves; i.e., the initial bipolar acoustic pulse becomes tripolar, the wavefront steepens up, all amplitudes decrease, and the ratio between the compression and rarefaction amplitudes decreases. This is confirmed by Ref. 13, 18 and 19. Most authors do not even attempt to explain why the waveform becomes tripolar, but Sigrist [13] concludes that the third wave peak results from a very slight vaporization of the liquid. As a matter of fact, it is highly likely that the third peak is produced by diffraction.
C. Distortion Caused by Non-linear Effects
In liquids, non-linear effects are generated by increases in the propagation speed v´ of an acoustic pressure P:
where B/A is a non-linearity parameter. In practice, diffraction and non-linear effects exert a simultaneous influence on the waveform of a sound wave. 5 Sigrist [16] describes the net influence of non-linear effects on waveforms. He splits a laser pulse into two equal parts and attenuates one of these pulses by a factor of 15. These two laser pulses generate two finite-amplitude acoustic waves with different pressure amplitudes. The results indicate that after propagation over the same distance, the waveform produced by the larger amplitude laser pulse is steeper. The difference in waveform distortions caused by diffraction depends on the propagation distance and is independent of the initial pressure amplitude. As described in Eq. 10, non-linear effects caused by the pressure amplitude result in a steepening of the waveform.
There are several methods for improving the waveform distortion caused by non-linear effects. These methods include shortening the propagation distance, decreasing the laser pulse amplitude and using a liquid with a smaller Beyer's non-linear coefficient B/A. The B/A of a liquid can be measured using Sigrist's method as described above. Non-linear effects are smaller in water than in methanol and ethanol.
Moreover, a change in the Gruneison coefficient following a temperature rise will cause a thermal nonlinear effect. This breaks the linear relationship between the absorbed energy density and the acoustic pressure and will eventually distort the initial pressure distribution.
IV. ACOUSTIC WAVE CHANGES IN RECEIVERS

A. Piezoelectric Transducers
The piezoelectric transducer is the most commonly used acoustic receiver in liquids. This device will detect signals accurately if the following factors are carefully selected: the thickness and radius of the piezoelectric element, the characteristic acoustic impedance of the piezoelectric material, and the position of the detector. The voltage output of a piezoelectric plate between two electrodes may be described by
where g 33 is the piezoelectric coefficient, P(t) is the acoustic pressure at the front surface of the piezoelectric plate, and d is the thickness of the piezoelectric element. A larger d will produce a correspondingly larger pressure signal. The signal amplitude may increase somewhat by further increasing the thickness of the element, but the wave shape becomes more distorted and ringed 2 . The non-ringing maximum thickness of the piezoelectric component is limited by: d m = v p *t , where v p is the sound speed in the piezoelectric material. The radius of the piezoelectric component should be as large as possible to obtain maximum signal amplitude, but small enough to avoid destructive interference causing signal distortion.
The maximum radius is: r m = v t z    , where z is the detection distance. The maximum radius also influences (the measured value for) lateral resolution in photoacoustic imaging.
If the axes of sound wave transmission and the transducer do not overlap, the off-axis transmission and the detector edge effect will result in a waveform distortion and an amplitude decrease in the pressure received by the transducers.
The sound wave will be modified at the boundary surface between the liquid and the transducer owing to reflection and transmission. If the sound wave is perpendicularly transmitted to the transducer surface from the liquid, the ratio between the transmission and the incident pressure amplitudes (P t /P i ) is described by Eq. 14 (marking the sound speed and the density in the liquid and the piezoelectric material as v,  and u, , respectively):
This equation indicates that if the acoustic impedance of the piezoelectric material is significantly larger than that of the liquid, the pressure amplitude recorded by the transducer will be twice as high as the pressure amplitude in the liquid. On the other hand, the acoustic impedance mismatch makes it easy to ring the received sound signal and to reflect the incident acoustic energy. Transducers made of piezoelectric ceramics or crystals have a much higher sensitivity response compared to thinpolymeric-film piezoelectric transducers. However, the latter have a non-ringing effect, a faster response time and a better acoustic impedance matching with liquids such as water. Thus, the wave distortion detected by the thinpolymeric-film transducers(e.g. PVF 2 transducer) is smaller. The detectable acoustic pulse could be shorter than 10 ns [20} . Usually, the sensitivity-frequency curve of the acoustic transducer is not flat and will be calibrated at the ultrasonic frequency used. In addition, the limited bandwidth and the non-flat frequency response of the amplifying circuits may also modify wave shapes.
B. Optical Detection Methods
Optical methods such as the probe-beam-deflection technique can be used for non-contact and remote detection of acoustic wave. The method is based on the deflection of a probe light beam as it traverses the change range of the medium, i.e., the area where the acoustic pressure causes a change in the refraction coefficient of the medium. The observed probe beam deflection voltage signal in the photodiode is proportional to the time derivative of the acoustic pressure at the probe beam position in the medium. The acoustic pulse, whose Fourier frequencies may reach the 1 GHz range, can be monitored using optical methods [20] . Owing to their flatter frequency response, optical methods produce a smaller distortion in the detected waveform than piezoelectric transducers. Unfortunately, optical methods cannot be used in opaque or light-scattering media. 6 The response sensitivity of optical methods also depends on the parameters of the propagation medium which, in turn, are influenced by the temperature. This makes it difficult to compare different media in absolute terms. In addition, optical methods always yield the time derivative of the acoustic pressure. Piezoelectric transducers, in contrast, record sound pressure directly and depend only on the parameters of the transducers and the recording system, not on those of the media. Thus, in comparison with optical methods, piezoelectric transducers seem more applicable to the detection of absolute waveforms and amplitudes.
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V. CONCLUSIONS
In liquids, pulse laser induced thermoelastic waves depend on three sets of parameters. First, laser parameters such as wavelength, duration, energy and energy distribution in time and space; secondly, liquid parameters such as the light absorption coefficient, density and sound speed; and, finally, boundary conditions. The photoacoustic signal recorded by the receiver is affected by such parameters as attenuation, diffraction, the nonlinearity of the propagation liquid, the shape of the acoustic source, the propagation distance, the acoustic impedance and the position of the transducer, the response time and the sensitivity of the receiver. The theory that we have described above can also be applied to absorbing-scattering liquids, though certain modifications. For example, the light absorption coefficient must be substituted by the attenuation coefficient. In addition, the shape of the photoacoustic source will change to some extent. Our theoretical framework for propagation and reception, however, holds good even for absorbing-scattering liquids.
